We compared development of porcine embryos in three media and evaluated the effect of age of the donor on embryo development in vitro. In Exp. 1, embryos were collected from 35 postpubertal females on d 2 or 3 after onset of estrus. Embryos were cultured 144 h in Whitten's Medium (WM), North Carolina State University Medium-23 (NCSU-23), or Beltsville Embryo Culture Medium-3 (BECM-3) in 95% air:5% CO 2 at 39°C. More (P < 0.01) embryos that were initially one cell or two cells developed to blastocysts when cultured in NCSU-23 (56%) and BECM-3 (43%) rather than in WM (7.5%). More (P < 0.01) embryos that were four cells at recovery developed to blastocysts in NCSU-23 (97%) than in BECM-3 (69%) or WM (69%). Blastocysts that developed from four-cell embryos cultured in BECM-3 had more (P < 0.01) nuclei than blastocysts that developed from four-cell embryos in the other two media. In Exp. 2, ovarian responses, fertilization rates, and in vitro embryo development in NCSU-23 and
Introduction
The ability to support development of embryos in vitro is requisite for cloning by nuclear transfer, in vitro embryo production, production of transgenic animals, and other biotechnologies. Despite recent progress, present culture systems fall short of the in vivo environment (Petters, 1992) . At least three media have been reportedly able to support development of pig embryos, recovered soon after fertilization in vivo, to blastocysts: 1 Contribution no. 00-394-J from the Kansas Agric. Exp. Sta. 2 We appreciate the assistance of Theresa Rathbun and Rob Musser in conducting this research and Eva Specht in manuscript preparation.
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BECM-3 were compared for postpubertal (approximately 170-d-old) gilts vs gilts given exogenous gonadotropins at 102 d of age. Ovulation rate (P < 0.01), number of eggs recovered, and number of eggs fertilized per gilt (P < 0.001) were greater in the older gilts. The percentage of eggs fertilized, the number of unfertilized eggs, and the number of unclassifiable eggs were similar (P > 0.10) for both age groups. More (P < 0.10) blastocysts developed from embryos recovered from 170-d-old than from 102-d-old gilts, and more (P < 0.05) blastocysts developed in NCSU-23 than in BECM-3. Zona thicknesses and number of nuclei per embryo were similar (P > 0.10) for both ages. We conclude that embryos from prepubertal gilts do not have the same in vitro developmental potential as those from cyclic gilts. However, superior development of embryos in NCSU-23 from both 102-d-old and 170-d-old gilts indicates that media composition did not differentially affect embryos produced by younger vs older gilts.
Whitten's Medium (WM), North Carolina State Medium-23 (NCSU-23) (reviewed by Petters and Wells,1993) , and Beltsville Embryo Culture Medium-3 (BECM-3) (Dobrinsky et al., 1996) . We know of no evaluations of all three media within the same experiment. Therefore, in Exp. 1 we evaluated blastocyst development by porcine embryos in WM, NCSU-23, or BECM-3.
Another source of variation in in vitro development is the donor female Krisher et al., 1989; Petters et al., 1990) . Furthermore, although embryonic development is possible for oocytes or embryos recovered from prepubertal females, several reports indicate that either oocytes or embryos from prepubertal females have reduced developmental potential both in vitro and in vivo (sheep: McMillan and McDonald, 1985; pigs: Archibong et al., 1989; Pinkert et al., 1989; and cattle: Prisicce et al., 1997) .
In pigs, ovulation can be induced by 100 d of age with exogenous gonadotropins. Athough fertilization occurs, pregnancies are not maintained (Dziuk and Gelbach, 1966; Dial et al., 1984; Guo et al., 1998) . In vitro-produced embryos, developed from oocytes harvested from prepubertal gilts, have produced pigs following transfer to cyclic females (see Abeydeera et al., 1998 for references). However, these oocytes were collected after slaughter of gilts near the time of puberty. In Exp. 2, we compared the development of embryos harvested after fertilization from cyclic vs 102-d-old gilts in NCSU-23 and BECM-3.
Experimental Procedures

General Procedures
Experimental procedures were approved by the Institutional Animal Care and Use Committee. Crossbred gilts (lines C22 × 326, PIC USA, Franklin, KY) were used for both experiments. Embryos were recovered surgically on d 2 to 3 after onset of estrus (d 0). Pentothal (Abbott Laboratories, North Chicago IL.; 5% solution, 30 to 40 mL i.v.) was administered to initially induce anesthesia followed by methoxyflurane (Pittmann-Moore, Mundelein, IL) by inhalation. Atropine (Phoenix Pharmaceutical, St. Joseph MO.; 0.054%, 5 mL i.m.) was given to inhibit salivation. The uterus was exposed through a midventral incision, and the number of CL on each ovary was recorded. For embryo recovery on d 2, a glass cannula was inserted into the ostium of the oviduct, and a 19-gauge needle attached to a 60-mL syringe was inserted into the lumen of the isthmus. A total of 60 mL of Hepes-buffered Tyrodes medium (Prather et al., 1995) was flushed through the oviduct, and embryos were collected in petri dishes. This procedure was repeated on the other oviduct. On d 3, recoveries were accomplished with a Foley catheter that was inserted into the uterus approximately 8 cm distal to the uterotubal junction. The oviduct and uterus were flushed retrograde from the ampulla using a blunt needle attached to a 60-mL syringe.
Experiment 1
A total of 33 gilts at their third postpubertal estrus and two multiparous sows provided embryos. Animals were checked daily for estrus in the presence of a mature boar and artificially inseminated with a minimum of 3 × 10 9 motile sperm on the day of first detected estrus and the following day. Semen was extended to a volume of 100 mL in Beltsville thaw solution (BTS) and stored up to 24 h as previously described (Rhodes et al., 1991) .
Embryos were recovered from the oviducts on d 2 or 3 (onset of estrus = d 0) using surgical procedures. Because of the large numbers of gilts in estrus on some days it was not possible to perform all surgeries at a specific time after estrus onset.
Embryos from each donor were assigned randomly, within cell stage (one-, two-, or four-cell), to one of three treatments: WM, NCSU-23, or BECM-3. Formulation of BECM-3 is given by Dobrinsky et al. (1996) . Formulas for WM and NCSU-23 are given in Petters and Wells (1993) . Whitten's Medium included glucose (5.56 mM). All media contained 4 mg/mL BSA. Embryos were washed twice in their assigned culture medium and then pipetted into wells of 96-well, U-bottom, microtiter plates (Costar, Cambridge, MA). One to four embryos were cultured in each well in 200 µL of medium, which was covered with light paraffin oil (Sigma Chemical, St. Louis, MO). Plates were equilibrated with 95% O 2 :5% CO 2 and remained in this environment at 39°C after embryos were added. Developmental stage was recorded after 5 and 6 d of culture. On d 6, embryos were mounted on microscope slides, cleared in acetic acid and absolute alcohol (1:3) for at least 12 h, and then stained with 1% orcein. Nuclei were counted using phase contrast microscopy. One-cell eggs that did not cleave during the first 24 h of culture were removed, cleared, and stained for evaluation of fertilization.
Experiment 2
Fifteen gilts (49 ± 4.5 kg) were injected intramuscularly with PG600 (400 IU PMSG and 200 IU hCG; Intervet America, Millsboro, DE) at 102 ± 5.3 d of age. Seventy-seven hours later (d 0), an injection of hCG (Intervet America) (500 IU in 3 mL of 0.9% NaCl) was administered intramuscularly to induce ovulation. Gilts were artificially inseminated with a minimum of 3 × 10 9 motile sperm extended to 50 mL in BTS at 25 and 33 h following hCG injection. The 50-mL volume was determined previously to be the largest that did not result in excessive backflow of extended semen in gilts of this age. Embryos were collected at surgery on d 3 after hCG, as described for Exp. 1. Another 15 gilts, mean weight 95 ± 11.0 kg, 148 ± 1.2 d of age, were administered PG600 to induce puberty. Estrus detection began 22 d later when the gilts were approximately 170 d old and expected to be near their second estrus. Estrus was checked twice daily in the presence of a mature boar, and eight gilts were detected in estrus and artificially inseminated with a minimum of 3 × 10 9 motile sperm extended to 100 mL in BTS at 12 and 24 h after onset of estrus (d 0). Embryos were collected at surgery on d 2.5 to 3.
Embryos were recovered surgically and were assigned randomly within gilt and initial cell stage to culture in either NCSU-23 or BECM-3 as described for Exp. I. After 5 d of culture, developmental progress was recorded, and embryos were mounted on slides. Slides were cleared and stained as described for Exp. 1. Embryos that did not cleave within the first 24 h were removed from culture and stained for evaluation. Eggs that were not classifiable because of deterioration or were lost from slides were categorized as "unclassified." Zona pellucida measurements were taken from a randomly selected sample of five embryos from each gilt on the day of embryo recovery (magnification, 400×). Outside and inside zonae diameters were measured, Different superscripts within initial cell stage indicate differences (P < 0.01).
and the difference was taken as double the zona thickness.
Statistical Analysis
For Exp. 1, treatment effects for blastocyst formation (yes or no) were evaluated using chi square analysis from Proc FREQ of SAS (SAS Inst. Inc., Cary, NC). The number of nuclei/blastocyst were considered continuous data and treatment effects were evaluated using Proc GLM of SAS (SAS Inst. Inc.). For Exp. 2, the model consisted of three fixed effects (culture medium, cell stage at recovery, and age of pig) and three random effects (pig [age] , culture medium × pig [age] and stage × culture medium × pig [stage] ). The error term for between-pig comparisons was pig (age), and the error term for comparisons between embryos within a pig was stage × culture medium × pig (age). An unequal residual variance model was used to evaluate the fixed effects for number of unfertilized eggs, unclassified eggs, and zona measurements. The unequal variance model was fit using Proc Mixed of SAS (SAS Inst. Inc.) by including "repeated/group = age*stage*culture medium." An equal residual variance model was used to evaluate the fixed effects for nuclei counts, zonae thickness, ovulation rate, eggs removed, and eggs fertilized. The Akaike information criteria were used to decide whether the equal residual variance model was adequate or whether the unequal residual variance model was required (Little et al., 1996) . Comparison of the number of ovarian cysts was accomplished using Proc Freq of SAS (SAS Inst. Inc.).
Results
Experiment 1
When culture was initiated with one-or two-cell embryos, more (P < 0.01) of them formed blastocysts in NCSU-23 (56%) and BECM-3 (43%) than in WM (7.5%) (Table 1) . However, when four-cell embryos were placed in culture almost all (97%) of them formed blastocysts when cultured in NCSU-23, but fewer (P < 0.01) blastocysts developed in BECM-3 (69%) and WM (69%). All four-cell embryos that developed to blastocysts had done so by d 5, and 91.5% of one-and two-cell embryos that developed to blastocysts had formed a cavity by d 5. For embryos that developed from one or two cells to blastocysts, culture medium did not affect the number of nuclei/blastocyst. However, blastocysts that developed from four-cell embryos cultured in BECM-3 contained approximately twice as many nuclei as those developing in the other media.
Experiment 2
One of the five prepubertal gilts initially treated with gonadotropins responded to the treatment, as evidenced by vulva enlargement and standing estrus in the presence of a boar. Embryos were collected from the oviduct of this gilt. Ten additional gilts were treated, and one of these was removed from the study because of lameness. All nine remaining gilts had swollen vulvas after approximately 36 h; however, only four displayed standing estrus. Eggs were recovered from four of the nine gilts, including three of the four gilts observed in standing estrus and one nonestrual gilt. The remaining estrous gilt had only small (≤ 3 mm) follicles on her ovaries. Embryo collection from the four gilts was from the oviducts (two gilts), the uterus (one gilt), or both the uterus and the oviduct (one gilt). Of the remaining anestrous gilts, one had several cystic follicles (> 8 mm), another had one cystic follicle and several blood-filled follicles, and two had both cystic follicles and CL. No eggs were found in the flushings from their reproductive tracts.
Eight of the 15 older gilts initially treated with PG600 were detected in estrus during an 8-d period and were used as embryo donors. Six of the eight gilts had both corpora alba and CL on their ovaries, indicating that their observed estrus was postpubertal. The other two gilts had only CL and apparently did not respond to PG600 but reached puberty spontaneously at the estrus before embryo recovery. Ovulation rate, embryo recovery, and embryo development were similar for the six postpubertal gilts and the two cyclic gilts experiencing spontaneous puberty just before embryo recovery. Therefore, data for all cyclic gilts are included. Embryos were collected from the oviducts of seven gilts and from both the oviduct and uterus of the remaining gilt. Bloodfilled follicles were found on the ovaries of one gilt, but no cystic follicles were observed on the ovaries of these older gilts.
The cyclic gilts had a greater (P < 0.01) ovulation rate and more (P < 0.001) eggs recovered per gilt than the prepubertal gilts (Table 2) . A total of 125 eggs were recovered from the cyclic gilts, representing 95% of 131 ovulations, but only 33 eggs were recovered from the prepubertal gilts, representing 53% of 62 total ovulations. More (P < 0.001) fertilized eggs were recovered from the cyclic gilts than from the prepubertal gilts; however, fertilization rates were similar. The number of unfertilized eggs and the number of unclassified eggs per gilt were similar for the two groups ( Table 2 ). The mean number of cysts per gilt was greater (P < 0.05) for prepubertal gilts induced to ovulate (4.4) than for spontaneously cyclic gilts (0). More (P < 0.10) embryos from the cyclic gilts formed blastocysts compared to those embryos recovered from the prepubertal gilts (Table 3 ). More (P < 0.05) embryos formed blastocysts in NCSU-23 than in BECM-3, and more (P < 0.05) embryos recovered at four cells or greater developed to blastocysts than embryos recovered at fewer than four cells. Number of nuclei was not (P > 0.10) affected by culture medium or donor age. No (P > 0.10) interactions occurred between culture media, age, or initial cell stage. No differences (P > 0.10) were observed for nuclei number, zona diameter, or embryo diameter for embryos recovered from cyclic vs prepubertal gilts (Table 4 ).
Discussion
Our results confirm the ability of WM, NCSU-23, and BEMC-3 to support development from early cleavage to blastocyst, although WM was only marginally effective. In pig embryos, the in vitro block to development Greater than 102-d-old gilts (P < 0.10).
b
Greater than BECM-3 (P < 0.05). c Greater than < 4 cells (P < 0.05). occurs at the four-cell stage (Davis and Day, 1978) , which is the time of embryo transport into the uterus in vivo (Oxenreider and Day, 1965) and is correlated temporally with activation of the embryonic genome (Telford et al., 1990) . The duration of the four-cell stage in vivo is longer than that of other stages (Rath et al., 1995) . The in vitro block may be induced by insufficient culture conditions that prevent gene activation or suppress transcription or translation (Petters, 1992) . The media used in our experiments differ markedly in composition. Dobrinsky et al. (1996) formulated BECM-3 without phosphate and with amino acids, which distinguishes it from the other media. Taurine and hypotaurine are included in NCSU-23, but not in BECM-3 and WM. However, BECM-3 and WM contain lactate and pyruvate, which are not in NCSU-23. Glucose is included in all three media, and glutamine is present in NCSU-23 and BECM-3 but not WM. Whitten's Medium has less NaCl and, as a result, a lower osmolality than NCSU-23 and BECM-3.
Although all three media supported development of blastocysts, NCSU-23 and BECM-3 were more effective. In Exp. 1, NCSU-23 and BECM-3 were superior to WM in supporting embryo development past the fourcell block to the blastocyst stage. For embryos that had four cells at recovery, NCSU-23 supported almost all to the blastocyst stage, compared to 69% for the other two media. The effectiveness of NCSU-23 in supporting in vitro porcine embryo development is consistent with previous studies (Petters and Reed, 1991; Reed et al., 1992) .
Our data also confirmed the effectiveness of BECM-3, which supported one-and two-cell embryos past the four-cell stage at a rate comparable to that observed in NCSU-23. Furthermore, more nuclei/blastocyst were observed in embryos recovered at the four-cell stage and cultured in BECM-3 than in NCSU-23 or WM. It is not known why this beneficial effect was observed only for embryos that initially had four cells. Other comparisons of these two media are not available, but Machá ty et al. (1998) reported that culture of pig embryos in NCSU-23 resulted in more cells per blastocyst than culture in KSOM plus amino acids. The latter medium is similar to BECM-3 in that it contains the same amino acids and does not contain phosphate.
Several studies have reported that prepubertal gilts induced to ovulate can become pregnant, but the pregnancies are not maintained (Dziuk and Gehlbach, 1966) (Guo et al., 1998) . Deficiencies have been reported for CL function, and the induced CL may be more sensitive to PGF 2α , thereby failing to maintain pregnancy in young gilts (Rampacek et al., 1976; Puglisi et al., 1978) . In our experience, 100-d-old gilts that are induced to ovulate never maintain pregnancy, and the youngest gilts that have maintained pregnancy in our herd were 120 d old at insemination (Guo et al., 1998; Henning and Davis, unpublished data) . Acquiring the ability to maintain pregnancy may be due to changes in uterine luminal secretions observed around that time (Groothuis et al.,1997; Guo et al., 1998) .
In addition to the uterine environment provided by young gilts, consideration also should be given to the viability of embryos produced by ovulation induction in prepubertal gilts. Both prepubertal sheep (McMillan and McDonald, 1985) and cattle (reviewed in Prisicce et al., 1997) produce embryos with decreased developmental potential compared to embryos obtained from postpubertal females. It is possible these results are due to oocyte deficiencies (Damiani et al., 1996) . In cattle, it seems that the acquisition of developmental competence occurs over a period of time. Oocytes produced by very young heifers (< 5 mo old) seldom produce calves, but oocytes retrieved from 9-mo-old heifers develop to neonates at rates approximating that obtained for oocytes from mature cows . In the pig a critical experiment to assign failure to the embryo vs the uterus would be reciprocal transfers between 100-d-old and postpubertal gilts, but these have not been reported.
In our experiment, even though the fertilization rates were similar for embryos from the two age groups, development in vitro was decreased for the embryos from the 102-d-old gilts, and more blastocysts formed from embryos collected from 170-d-old gilts. Because most of the embryos that failed to develop failed to cleave or underwent only one cleavage, it may be that embryos produced by the younger gilts are more sensitive to conditions creating the culture-induced block to development. If this interpretation is correct, the 102-d-old gilts may produce two populations of embryos, because some embryos were capable of development under the conditions of our experiment.
Our data extend observations by Pinkert et al. (1989) , who found that embryos from mature gilts developed further in vitro than embryos from prepubertal gilts, although it seems that the prepubertal gilts used by Pinkert et al. (1989) were old enough to have established and maintained pregnancy. Although the age of the prepubertal gilts used in that study was not reported, their ovulatory response indicates they were much nearer spontaneous puberty than the 102-d-old gilts in our study. In vitro-produced pig embryos, developed from oocytes collected from prepubertal gilts after slaughter, have also produced pigs when transferred to cyclic recipients (see Abeydeera et al., 1998 for references). However, these oocytes were collected after slaughter of gilts at approximately 110 to 130 kg and 150 to 170 d of age. These gilts might be considered peripubertal. In our experiment we used embryos that had been fertilized in vivo. The small number of tertiary follicles on the ovaries of 100-d-old gilts, combined with the low yield of embryos using in vitro proceures (Abeydeera et al., 1998) , preclude the ability to perform similar experiments with oocytes collected from 100-dold gilts. Seidel et al. (1971) reported that the decreased embryo viability seen in calves induced to ovulate was due to exposure of the embryos to the harmful prepubertal reproductive tract. The majority of embryos in our study were recovered from the oviduct; therefore, if the reproductive tract is defective, the oviduct environment may be the problem. Alternatively, the oocytes produced by 100-d-old gilts might be compromised. However, zona diameter and thickness and nuclei number per embryo at the end of culture were comparable for the two ages. In general, the number of nuclei per blastocyst was lower in Exp. 2 than in Exp.1, and in both experiments the number was lower than expected after in vivo development (Davis, 1985) . Season may have influenced the results of Exp. 2, which was completed during the month of July; Exp. 1 was completed in the previous fall and winter months. Nuclei/blastocyst in our experiments is comparable to other observations for blastocysts developing in vitro unless serum is included in the culture medium (Davis, 1985; Dobrinsky et al., 1996) .
Our data also provide a comparison of several other aspects of reproductive functions in the two age groups. The average ovulation rate was greater in older gilts than in 102-d-old gilts. This observation is consistent with the results of Baker (1979) and Guo et al. (1998) , who observed that ovulation rate increased linearly with age. The embryo recovery rate also was decreased in the 102-d-old gilts compared to the older gilts. One reason for the low recovery rate may be the large number of cysts present on the ovaries of 102-d-old gilts, which may have hindered oocyte pick-up by the infundibulum at ovulation. Dziuk and Gehlbach (1966) also reported a low recovery rate (47%) for 95-to 130-d-old gilts in their study; however, they did not mention the presence of cysts. Potential failures of egg pick-up may contribute to failures in pregnancy maintenance in 100-d-old gilts.
The number of fertilized eggs recovered from the 102-d-old gilts was less than the number obtained from the older gilts, but the percentages of fertilized oocytes were 100 and 96% for the 102-and 170-d-old gilts, respectively. Dziuk and Gehlbach (1966) reported only 68% fertilized eggs in similarly aged gilts.
In summary, our results support the hypothesis that embryos from prepubertal gilts do not have the same in vitro developmental capacity as those from cyclic gilts. For both 102-and 170-d-old gilts, NCSU-23 promoted superior development compared to BECM-3. Neither medium was able to overcome the development inadequacies of the embryos from the young gilts.
Implications
The ability to support in vitro development of embryos is essential to biotechnological applications such as cloning and production of transgenic animals. Applications of these procedures in pigs often use oocytes harvested from ovaries of prepubertal gilts slaughtered at 5 to 7 mo of age. Although we used oocytes from younger prepubertal gilts, our results indicate that competence for in vitro embryonic development increases during the prepubertal period. The acquisition of this competence, demonstrated in Exp. 2, reveals an important aspect of prepubertal maturation that is presently unexplained. When this maturation is understood, it may reveal additional aspects of gamete and embryo physiology.
